Nanostructured gold/monolithic mesoporous silica assembly was synthesized by a sonochemical method. The optical absorption maximum of the as-prepared nanocomposite varies from the visible to near-infrared region, depending on the reduction rate of AuCl 4 Ϫ ions in solution. There exists a critical reduction rate of AuCl 4 Ϫ ions in solution. When the reduction rate is lower than the critical value, the absorption maximum redshifts from 560 up to 1130 nm with increase of the reduction rate; otherwise, it blueshifts. The subsequent step thermal annealing of the as-prepared nanocomposite with a maximum in the near-infrared results in a blueshift in a large region down to 550 nm. We can thus realize control of the optical absorption in a large region by ultrasonic irradiation and subsequent step thermal annealing. Further experiments reveal that the position of the absorption maximum depends on the aggregate degree of Au nanoparticles supported in the surface layer of silica and that subsequent step annealing induces disaggregation of Au nanoparticles.
The optical properties of noble metal particles have fascinated scientists for several decades.
1-3 More recently, tunable optical properties based mainly on the tunable surface plasma resonance ͑SPR͒ of noble metal particles attracted a considerable interest because of their potential uses in a wide range of technological applications, including optical filters, optical storages, sensors, etc. The SPR is a function of the size and especially the shape of the nanoparticles in addition to the chemical surroundings. An aqueous solution of spherical Au particles has a SPR peak of 520ϳ580 nm. 3 The peak shift observed in solid Au nanoparticles, via size variation or adsorption of molecular or dielectric species, is negligible (Ͻ10 nm). 4, 5 Several Au systems, such as Au platelets, 6 Au nanoshells, 7, 8 gold aggregates, 9 ,10 Au nanorods, [11] [12] [13] [14] [15] and large Au nanoparticle two-dimensional arrays, 16 have been reported to be tunable in the position of the SPR hundreds of nanometers away from 520 nm, into the near-infrared region. However, these systems were synthesized almost in solution. This prevents extensive use in many applications. For example, in many optical filtration applications, it is required that the material must be incorporated into a solid media. 4 Recently, using an improved sonochemical method, we synthesized nanostructured gold/monolithic mesoporous silica (Au/SiO 2 ) assembly with adjustable optical absorption band from 560 to 1130 nm. The details are reported in this letter.
The monolithic mesoporous silica host ͑planar-like, about 2 mm in thickness͒ was prepared by a sol-gel process, drying, and finally annealing at 700°C for 1 h, as described in detail elsewhere. 17 The pores in the preformed host are interconnected and open to ambient, its specific surface area was estimated to be about 600 m 2 /g and pore diameters are mainly distributed in the range smaller than 50 nm, determined by isothermal N 2 adsorption measurement, as previously described. 17 The host plate was put into a conical flask containing 25 ml of 1-mM HAuCl 4 aqueous solution in the presence of 0.2-M isopropanol and 1.2-mg/ml polyvinylpyrrolidone ͑PVP͒ for ultrasonic irradiation. Ultrasonic irradiation was accomplished in a JL360 commercial ultrasonic cleaner ͑40 KHz, 3.7 W/cm 2 ), as described previously. 18 During irradiation, a water flow was utilized in order to keep the flask in the bath at room temperature. In order to study the influence of the reduction rate of AuCl 4 Ϫ in solution, the conical flask with sample was mounted at different heights from the bottom of the ultrasonic bath, beneath which an ultrasonic generator is located. We define the distance between the bottoms of the flask and bath as S. As we all know, the ultrasound intensity, with which the sample was irradiated, changes with S. In our experimental conditions, with an increase of S, the ultrasound intensity decreases, which in turn brings about the decline of the reduction rate of AuCl 4 Ϫ in solution. 19 Thus, we can decrease the reduction rate of AuCl 4 Ϫ by increasing S. Optical absorption spectra were measured on Cary 5E UV-VISNIR spectrophotometer. The surfaces of the irradiated porous samples were taken out from the solution and their surfaces were wiped off by filter paper before optical measurement. The irradiated solution was simultaneously transferred into a quartz cell with 10-mm path length for optical study. Transmission electron microscopic ͑TEM͒ observation was conducted on Hitachi-800 operating at an accelerating voltage of 200 kV by grinding the samples into powders. Figure 1 shows the optical absorption spectra of 1-mM HAuCl 4 aqueous solution and the silica before and after irradiation for 2 h at the height Sϭ1.2 cm. It is clear that, for the solution, after irradiation for 2 h, the absorption peak at 313 nm owing to AuCl 4 Ϫ ions 20 decreases, and an absorption peak of 545 nm, which originates from the well-known SPR of an Au particle, 3,5 appears ͑the other two peaks around 975 and 1180 nm, respectively, are attributed to H 2 O and not discussed herein͒. For the porous silica, there is no peak in the region studied before irradiation, as we expected. After irradiation for 2 h, however, a very wide absorption band a͒ Author to whom correspondence should be addressed; electronic mail: wpcai@issp.ac.cn APPLIED PHYSICS LETTERS VOLUME 83, NUMBER 1 7 JULY 2003 appears around 1130 nm with a shoulder at about 540 nm in spectrum ͑see inset in Fig. 1͒ , in contrast to that of the solution. The TEM image of the irradiated silica is shown in Fig.  2 . Although there are some small nanoparticles dispersed in the silica, most particles are in the form of island-like aggregates with various sizes and shapes. The corresponding selected area electron diffraction pattern confirms that these islands consist of gold. High-resolution scanning electron microscopic examination shows no such aggregates on the surface of the sample, due to ultrasonic vibration ͑cleanout͒ ͑not shown here͒. These Au islands exist only within about 0.1 mm of the surface layers in the mesoporous silica ͑from the color in its fracture surface͒. After removing such a surface layer by abrasion, we only observed small Au nanoparticles in the irradiated silica. By comparison, the TEM observation for the solution after irradiation for 2 h ͑not shown here͒ indicates that Au nanoparticles were nearly spherical shape with a size of about 10 nm. After irradiation for 2 h at different heights, for the solution, with increasing S up to 1.7 cm the SPR intensity decreases, indicating a continuing decline of the ultrasonic intensity and hence the reduction rate of AuCl 4 Ϫ ions ͑the spectral shape is similar to curve d in Fig. 1͒ . In addition, no precipitation of Au nanoparticles occurs due to the existence of PVP. For the solid sample, however, there exists a critical reduction rate ͓or critical distance S c ͑1.2 cm͔͒, as shown in Fig. 3 . When S is smaller than the critical value S c , the absorption peak redshifts up to 1130 nm and the bandwidth increases with rise in S. Further increasing S up to 1.7 cm, the absorption peak blueshifts from 1130 to 680 nm and the bandwidth decreases. It is worth mentioning that there exists a shoulder at about 540 nm in all absorption spectra of solid samples.
More interestingly, subsequent step thermal annealing of the as-prepared Au/SiO 2 nanocomposite leads to blueshift of the peak position in a large region, and decrease of the peak width, accompanied by only a small change of the peak height. Figure 4 shows the representative optical absorption spectra, which is for the Au/SiO 2 nanocomposite with original absorption band centered around 1130 nm. The absorption peak blueshifts to 645 nm after step-annealing at 400, 600, 700, and 800°C for 1 h, and to 550 nm after additionally annealing at 800°C for 1 h. This means that we can control the absorption band of Au/SiO 2 nanocomposite in a large region by such a simple method ͑sonochemical reduction and subsequent step thermal annealing͒, which is undoubtedly of great significance to industrial applications. TEM examination shows that the shift of the SPR in a large region corresponds to transformation of the morphology of Au particle aggregates. Ultrasonic irradiation results in formation of Au particle aggregates in the surface layer of silica, but subsequent step annealing induces occurrence of disaggregation of Au particles. Figure 5 is the TEM image for the sample corresponding to curve f in Fig. 4 . We can see that most Au nanoparticles are highly dispersed in silica with sizes 30-40 nm. Now let us undertake a brief discussion. Reduction induced by ultrasonic irradiation originates from acoustic cavitation: the formation, growth, and implosive collapse of Fig. 1 . Before annealing ͑a͒; after step-thermal annealing at 400 ͑b͒, 600 ͑c͒, 700 ͑d͒, 800°C ͑e͒, for 1 h; ͑f͒ 800°C 1 h for sample ͑e͒.
bubbles in a liquid irradiated with high-intensity ultrasound. [21] [22] [23] [24] During the collapse of such bubbles, local hot spots are created with temperatures up to ϳ5000 K and pressure of 1800 atm. These extreme conditions have been exploited to generate metals, 25, 26 metal carbide, 27 metal oxides 28, 29 and metal sulfides. 30, 31 It has been reported that Au colloidal nanoparticles were prepared by ultrasound irradiation, which involves the reduction of AuCl 4 Ϫ by radicals produced during irradiation. 25 Although the sonochemical synthesis of metal nanoparticles in solution has been extensively reported, there have been very few investigations on the formation of noble metal nanoparticles within the pores of monolithic mesoporous solids by ultrasound irradiation. 18, 32 Our further experiments have revealed that Au nanoparticles in mesoporous silica are formed mainly by the diffusion of the Au atoms or clusters, reduced in solution during irradiation, into channels of silica, which will be reported in detail in a forthcoming paper. Shift of the optical absorption band in a large region can be attributed to aggregation and disaggregation of Au nanoparticles in the surface layers of monolithic mesoporous silica. When the ultrasonic intensity, with which the sample was irradiated, is smaller than the critical value, increase of the intensity will results in increase of reduction rate of AuCl 4 Ϫ ions in solution and more Au atoms or clusters entering silica, leading to aggregation of Au nanoparticles in the surface layer. As we all know, gold aggregates exhibit a twoabsorption band structure: an unchanged high energy band at about 540 nm and a broadened low energy band in spectrum. 9 The latter depends on aggregation degree. The larger the aggregates, the lower the energy of the band. 10 Consequently, with the rise in the reduction rate, the low energy absorption band redshifts. The broadened band is attributed to the widely distributed shapes and sizes of gold aggregates ͑as shown in Fig. 2͒ . When the intensity is higher than the critical value, however, further increase power will leads to difficulty of Au particle aggregation inside silica, due to the strong ultrasonic cleanout effect, giving rise to blueshift of the absorption band.
The subsequent step thermal annealing of Au/SiO 2 nanocomposite induces occurrence of disaggregation of gold nanoparticles, leading to a blueshift of the absorption band. After annealing at a high enough temperature, the aggregates formed in the surface layer of silica during irradiation will disappear completely and the Au nanoparticles assume high dispersion ͑see Fig. 5͒ , leading to the SPR, as we usually expected. However, some questions remain, such as, how does the disaggregation occur during thermal annealing, although Ritzer et al. also reported that aggregation of Ag nanoparticles occur in silica by sol-gel technique and annealing at high temperature would induce disaggregation of the silver particles. 33 This should be further studied. In conclusion, Au/SiO 2 monolithic nanocomposite was ultrasonically synthesized. Depending on ultrasonic intensity, aggregation and disaggregation of Au nanoparticles occurs in silica host, leading to shift of the optical absorption band in a large region. The subsequent step thermal annealing of the as-prepared nanocomposite with the aggregates, induces the disaggregation and hence blueshifts of the band. We can thus control the optical absorption band of the nanostructured Au/ silica composite in a large region from the near-infrared to visible region, by such a simple method, ultrasonic irradiation and subsequent annealing at different temperatures.
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